Hawkmoth fauna (Sphingidae, Lepidoptera) in a semi-deciduous rainforest remnant: composition, temporal fluctuations, and new records for northeastern Brazil Anais da Academia Brasileira de Ciências, vol. 85, núm. 3, septiembre, 2013Ciências, vol. 85, núm. 3, septiembre, , pp. 1177Ciências, vol. 85, núm. 3, septiembre, -1188 Academia Brasileira de Ciências Rio de Janeiro, Brasil (drury, 1773). Eight further species were recorded for the first time for the Pernambuco Endemism Center, showing the important role played by Tapacurá Station in preserving the biodiversity of this insect group. Species richness and abundance were directly related to rainfall: about 70% of all individuals were captured during the rainy season. Changes in Sphingidae populations may, however, be caused by other factors that directly affect either larvae and adults of those insects, such as matrix effect and forest fragment size, which influence migration processes and the presence of predators.
INTRODUCTION
Sphingidae (Lepidoptera, Bombycoidea) have a pantropical distribution with approximately 1,200 species (Kitching and Cadiou 2000) , from which 75% occur in tropical regions (Haber 1983) . In Brazil, this family is represented by 29 genera and 210 species. However, this number is probably higher as the available data are still poor (Duarte et al. 2008 ).
As hawkmoths, like all lepidopterans, are holometabolous insects, their life cycle is very uniform. The larvae are generally oligophagous. However they may exist in the same subfamily or tribe representatives both oligo and polyphagous. In general, Sphingidae feeding on young leaves low in tannin, although many species of Smerinthini (Smerinthinae), as the Saturniidae, feed on leaves rich in tannin (Pittaway 1993) . Except Smerinthini and Sphingulini, adults, in [1177] [1178] [1179] [1180] [1181] [1182] [1183] [1184] [1185] [1186] [1187] [1188] turn, are polyphagous-nectarivorous generalists, which forage on flowers of many species (Kieslev et al. 1972 , Haber and Frankie 1989 , Darrault and Schlindwein 2002 , and may be responsible for 5 to 10% of the pollination of the tropical flora (Bawa et al. 1985 , haber and Frankie 1989 , Oliveira et al. 2004 , Primo 2008 .
The Atlantic Forest located to the north of São Francisco River is known as the Pernambuco Endemism Center (sensu Prance 1987); faunal inventories in its remnants are of high biogeographic interest. However, there are only two studies on the sphingid fauna in this ecosystem: Duarte and Schlindwein (2005a) and Lopes et al. (2006) , both in rainforest areas, but none in dry forest areas (sensu Gentry 1995) . Five other inventories have been carried out in northeastern Brazil in other ecosystems, such as Caatinga (Duarte et al. 2001 , Duarte and Schlindwein 2005b , Gusmão and Creão-Duarte 2004 , Ombrophilous Montane Forest -"Brejo de Altitude" (Gusmão and Creão-Duarte 2004) and Tabuleiro (Darrault and Schlindwein 2002) .
Considering that hawkmoths play a vital role in the stability of ecosystems, acting on the pollination and reproduction of plant species, the main purpose of our study was to improve the basic knowledge on these lepidopterans by answering the following questions: What is the composition and abundance of sphingids in the area? Is the phenology of this group seasonal? We also aimed to test whether there was a direct relationship between richness and abundance of sphingids and rainfall in the dry forest (sensu Gentry 1995), as it has been observed in other ecosystems.
This information is essential not only to improve the biogeographic research on this insect group, but also for the management and conservation of natural environments, mainly dry forests, which are fast becoming degraded, as they are located in sites of flat relief that are eminently suitable for agriculture (Janzen 1988a (Janzen ,b, 1997 .
MATERIALS AND METHODS

STUDY SITE
The present study was carried out in Tapacurá Ecological Station (Estação Ecológica do Tapacurá), São Lourenço da Mata municipality, 50 km from the coast of Pernambuco State (08°01´S, 35°11´W), northeastern Brazil. The region's annual rainfall is ca. 1,300 mm and the average temperature is 25.5 °C. There are marked seasons: the rainy season occurs from March to August and the dry season between September and February (ITEP-LAMEPE) (Fig. 1) . The forest remnant area is approximately 400 ha and it is surrounded by a matrix of sugar cane plantations and pastures. The vegetation is classified as semideciduous seasonal rainforest, as the variation between dry (six months with rainfall below 100 mm) and rainy seasons imposes seasonality on the dominant tree species (Andrade-Lima 1960 , Veloso et al. 1991 . Although there is a floristic similarity with the rainforest near the Atlantic coast, the semideciduous forest shows a relatively less diverse and structurally simpler community (Rodal et al. 2005 To sample the moths, we used a light trap composed of a mercury vapor lamp (250 watts) in a vertical position two meters above the ground in front of a white cloth of 3 x 2 m. We always set the trap in the same site: an open area that allowed the light to shine across a large forest area.
Sphingids were collected by hand, using an entomological net, killed with an injection of ethyl acetate ventrally between the thorax and the abdomen, conserved in individual wax-paper envelopes, and later dry-pinned, labeled and deposited in the collection of the Laboratory of Floral and Reproductive Biology (Laboratório de Biologia Floral e Reprodutiva), at the Botanical Department of Universidade Federal de Pernambuco, Recife, Brazil. Species were identified using Kitching and Cadiou (2000) and additional literature (D´Abrera 1986 , Moré et al. 2005 . We determined the sex of each individual by the morphology of the frenulum (a brush of bristles in the female, a single strong bristle in the male) (Kitching and Cadiou 2000) .
STATISTICAL ANALYSIS
To test for differences in species richness and abundance between dry and rainy seasons, as well as the relationship between population size of the most abundant species and annual rainfall, we used Pearson's correlation. Calculations were made using the package BioStat 5.0 (Ayres et al. 2007 ). The relative abundance of hawkmoth species was calculated as a percentage of number of individual collected monthly in relation to the total of captured individuals. The normality of the data was checked using the Liliefors' test (Sokal and Rohlf 1995) .
RESULTS
COMPOSITION OF ThE SPHINGID FAUNA
We captured 277 sphingids of 16 genera and 31 species (Table I ). The subfamily Macroglossinae was most abundant (22 species, 70.96%) followed by Sphinginae (eight species, 25.8%) and Smerinthinae (one species, 3.22%). Eight species were represented by only one individual (Table I ). The most abundant The sex ratio was 7.5:1, male to female (239 males and 32 females). The distribution of individuals and species by tribes, as well as their variations between dry and rainy seasons, are expressed in Figure 3 . Proboscis length varied from 13.1 mm (Perigonia pallida) to 125.56 mm (Manduca rustica) ( Table I) .
The species accumulation curve (Fig. 4 ) showed an apparent stabilization at twenty species, between December 2005 and February 2006, but then there was an increment of 11 species at the end of the sampling. (dry months) no sphingids were collected (Fig. 5) . Twelve species were captured only during the rainy season and four only in the dry season, whereas the other 15 species occurred in both seasons (Table II) .
The seven most abundant species were collected in both seasons, whereas the eighth most frequent species, Manduca sexta, was collected only in the rainy season. When analyzing each species separately, the cyclic behavior in relation to rainfall varied (Fig. 6) . Only three species exhibited a positive correlation with rainfall: Callionima parce (r = 0.62), Erinnyis crameri (r = 1) and M. sexta (r = 0.81).
DISCUSSION
Although the present study has recorded the largest number of sphingid species for any study so far in northeastern Brazil, the distribution of individuals among the subfamilies corroborates Duarte et al. (2008) , who noted that in all sphingid fauna inventories in Brazil, Macroglossinae has the highest number of individuals, and that over 50% belong to the tribes Dilophonotini and Macroglossini.
In the present study we made several new records for northeastern Brazil, which represent species that occur in low abundance: Enyo gorgon, HAWKMOTH However, when comparing species abundance and richness among sites, it must be acknowledged that sampling methods have not been standardized in all inventories in northeastern Brazil, either in terms of number and time of sampling, total of sampling hours or the type of light trap used.
Despite the major difference in the time established to end captures (in most studies captures were carried out until 5 or 6 am, whereas in the present study captures ended at 2 am), we have obtained in Tapacurá Station the highest number of sphingid species for northeastern Brazil. Maybe this was a consequence of greater sampling effort in the present study: 486 h (27 sampling sessions). Other studies had sampling efforts of 308 h (14 sessions) (Duarte and Schlindwein 2005a) , 288 h (12 sessions) (Gusmão and Creão-Duarte 2004) , 264 h (12 sessions) (Duarte and Schlindwein 2005b) , 144 h (12 sessions) (Darrault and Schlindwein 2002), 72 h (six sessions) (Duarte et al. 2001 ) and 16 h (four sessions) (Lopes et al. 2006) . The apparent stabilization of the species accumulation curve evident in the middle of the present sampling period may also have happened in other studies, leading to an interruption of sampling. Probably, an increase in hours and in number of sampling sessions could have raised species richness, as in Tapacurá.
In spite of the large sampling effort, species richness in Tapacurá may be even higher than recorded in the present study, given that there was an increment of one species one month before the last month of sampling (even after five sampling sessions without any new inclusion).
In tropical ecosystems, the change between well-marked dry and rainy seasons imposes cycles of leaf availability of host plants to the larvae of hawkmoths, which, according to Haber and Frankie (1989) , then determines the seasonal occurrence of adults. In a similar way, Janzen (1988b) found seasonality in the leaf-cutting activity of lepidopteran caterpillars, which hardly occurs in the dry season.
As observed in Tapacurá, a positive relationship between the rainy season and the maximum richness and abundance of Sphingidae has been recorded in several ecosystems, such as dry forests of Costa Rica (Haber and Frankie 1989) and the Atlantic Forest of the state of Paraná, Southern Brazil (Laroca and Mielke 1975) .
Inventories carried out in ecosystems of northeastern Brazil partially corroborate this hypothesis of a correlation between richness and abundance, and rainfall. There were significant correlations in a Caatinga area in the state of Paraíba (Gusmão and Creão-Duarte 2004) and in the state of Rio Grande do Norte (Duarte and Schlindwein 2005b) , as well as in the Tabuleiros of the state of Paraíba (Darrault and Schlindwein 2002) . However, this correlations were not observed in humid swamp areas of the state of Paraíba (Gusmão and Creão-Duarte 2004) or in the humid Atlantic Forest of the state of Pernambuco, Brazil (Duarte and Schlindwein 2005a) . LUIS M. PRIMO, JOSÉ A. DUARTE and ISABEL C. MACHADO The seasonality analysis of each species reveals cyclic patterns that remain unnoticed when the phenology of the sphingid community is analyzed as a whole. In only two species, Erinnyis crameri and Manduca sexta, the temporal distribution seems to follow the annual rainfall cycle. An exception can be noted for Callionima parce, which exhibits a positive correlation with rainfall, but shows regularity in its activities, since it was captured in almost all months. In turn, Manduca lefeburii and M. hannibal, which have no relationship with rainfall, exhibited evident regularity; there was a demographic increment three or four months before rainfall peaks. Possibly the marked population cycle of these two species is related to the phenology of the larvae's host plants in the study area or its surroundings. According to Moré et al. (2005) , the host plants of M. lefeburii belong to the genus Casearia of the Salicaceae, a family that has not been sampled in our study area (Rodal et al. 2005 No period seems to be more or less favorable for Protambulyx strigilis, Xylophanes tersa and Erinnyis ello. Seasonality analysis for the other species was not possible because of the low number of individuals collected.
It is premature to propose a comprehensive hypothesis regarding the cause of Sphingidae seasonality in Tapacurá Ecological Station, as the host plant community of the larvae and its phenology are unknown. However, the correlation between rainfall and occurrence of adult sphingids offers at least a plausible partial explanation for the seasonal phenology of this insect group, and suggests that many other variables are involved. Haber and Frankie (1989) Apart from food availability for larvae (host plants) and adults (sphingophilous plants), variations in sphingid populations can be influenced by several other factors acting together. Among these factors might be, for example, the effect of the matrix, the size of the forest fragment, migration, and the presence of predators of larvae or adults. Therefore, more studies are necessary to determine the complex causes of hawkmoth seasonality. 
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